We designed two environmentally relevant thermal cycling regimes using monitoring data from 26
an Atlantic salmon river to determine if exposure to prior diel cycles stimulated protective 27 mechanisms (e.g. heat hardening), and/or resulted in physiological and cellular stress. Wild fish 28 were exposed to three days of diel cycling in the lab and then exposed to an acute thermal 29 challenge near their upper reported critical temperature. We measured routine metabolic rate 30 across the time course as well as indicators of physiological status (e.g. plasma glucose and 31 osmolality) and cellular stress (e.g. heat shock protein 70). We observed that thermal cycling 32 altered physiological and cellular responses, compared to an acute heat shock, but saw no 33 differences between cycling regimes. Unique temperature regime and tissue specific responses 34 were observed in heat shock protein induction, metabolites, haematology and osmotic indicators. and provide protection during a subsequent heat event is presently unclear. This idea has 54 parallels to heat hardening, where a short (minutes to hours) exposure to a sublethal temperature 55 increases survivorship following a subsequent more severe heat stress (Loeschcke and Hoffmann 56 2007) and is reminiscent of ischaemic preconditioning in mammalian (Murry et al. 1986 ) and 57 fish hearts (Gamperl et al. 2001) . If exposure to prior thermal cycling does impact thermal 58 tolerance, then understanding both the nature of the cycle and the induced biological effects is 59 important and may enhance the efficacy of conservation, management, and remediation efforts. 60
The range of temperatures tolerated by a fish is bounded by an upper and lower critical 61 temperature (T crit ) within which lies an optimum temperature range (T opt ) where performance is 62 maximal. Metabolic physiology is highly temperature-dependent due to the inextricable link 63 between temperature and the reaction rate of biological processes. Routine metabolic rate (RMR) 64 and maximal metabolic rate (MMR) increase almost exponentially with temperature; however, 65 MMR plateaus and may even decline at high temperatures (Eliason and Farrell 2016) . All life 66
processes (e.g. foraging, growth, predator evasion, and reproduction) must occur within an 67 animal's aerobic scope, which is defined as the difference between MMR and RMR at a given 68 temperature. Aerobic scope is generally considered to be widest at a fishes T opt and smallest 69 around T crit (Steinhausen et al. 2008) , although this may not always be the case (Clark et to high temperatures. Overall, the heat shock response has been primarily studied following 78 exposure to a single heat shock; however, redband trout (Oncorhynchus mykiss gairdneri) 79 experiencing a diel thermal cycle show acclimation in expression of hsp mRNA over 6 weeks 80 (Narum et al. 2013 ). It is unclear how different diel thermal cycles will affect the heat shock 81 response, particularly at the biologically active protein level. This paucity of physiological 82 information on diel temperature cycling over multiple days in any fish species was this impetus 83 D r a f t 5 for this study. We used Atlantic salmon (Salmo salar Linnaeus), a primarily cold-water adapted 84 species, as a model to assess indicators of metabolic, physiological, and cellular stress in 85 response to an experimental design that mimicked the naturally occurring diel temperature cycles 86 in this species' river habitat during the summer months. 87
Freshwater habitats are home to approximately 40% of all identified fish species 88 (Lundberg et al. 2000) and are particularly vulnerable to climate change (Woodward et al. 2010) . 89
The Miramichi River in New Brunswick, Canada, like many other temperate river systems, 90 experiences diel cycles in temperature and therefore provides an excellent model to investigate 91 the biological impacts associated with warming rivers. The Miramichi River is recognized for 92 having the largest Atlantic salmon run in eastern North America (DFO 2013); but population 93 numbers are at record lows (ICES 2015) with warming river temperatures in the summer months 94 thought to be a contributing factor to this overall population decline. The optimum temperature 95 range for Atlantic salmon is thought to span 6-20 ºC, within which maximal growth occurs at 16-96 17 ºC (Jensen et al. 1989 ). In Atlantic salmon acclimated to 15 ºC, the upper lethal temperature 97 (survival <10 min) is reported as 32 ºC (Elliot 1991). Data from ongoing conservation efforts 98 (e.g. Miramichi River Environmental Assessment Committee) for summer 2014 and 2015 shows 99 the average water temperature in July and August to be 21.0 ± 0.6 ºC, with peak temperatures of 100 27.9 ± 0.9 ºC. The rate of temperature change is often rapid, warming on average 0.43 ± 0.03 101 °C·h -1 (maximum 1.4 °C·h -1 ), thus allowing little time for acclimation. Diel thermal cycles are 102 not always constant, and the mean temperature can increase over several days if overnight 103 cooling is not sufficient before warming begins again the following day (see Figure 1B) . 104
Exposure to these naturally occurring, repeated, daily fluctuations in temperature may provoke a 105 heat hardening response, whereby fish are better able to withstand subsequent, possibly more 106 D r a f t 6 severe, temperature increases. Alternatively, the accumulated thermal load from these repeated 107 exposures could cause stress, damage, and depletion of energetic stores, as Atlantic salmon 108 juveniles are reported to cease feeding above 23 °C (Breau et al. 2011) . 109
Some information on the biological responses of Atlantic salmon exposed to high 110 temperatures is available. Maximum aerobic metabolic rate in wild 2+ individuals occurs at ~ 24 111 ºC (540 mgO 2 ·kg -1 ·h -1 ), and above this temperature muscle glycogen stores become depleted and 112 blood and muscle lactate levels increase (Breau et al. 2011 ). Parr removed from the Miramichi 113
River at 27 ºC had significantly higher whole body HSP70 protein and mRNA levels than fish 114 caught in the same location at 20 ºC indicating that these stress proteins are induced in the wild 115 (Lund et al. 2002) . Thermal tolerance does appear to be plastic in Atlantic salmon, as Elliot 116 (1991) determined that increased acclimation temperature increased the upper lethal tolerance of 117 Atlantic salmon. Furthermore, Anttila et al. (2014) showed increases in maximum heart rate and 118 onset temperature of cardiac arrhythmias in Atlantic salmon reared at warmer (+ 8 ºC) 119 temperatures. Notably, the temperatures chosen in these two studies were held constant and 120 maintained for weeks to months. 121
The goal of this study was to assess whether recent exposure to environmentally relevant 122 diel thermal cycles influences the response to a subsequent acute high temperature event in 123
Atlantic salmon. Specifically, we were interested in whether or not two distinct, summer water 124 temperature scenarios involving diel cycling over multiple days stimulated protective 125 mechanisms (e.g. heat hardening), and/or resulted in physiological and cellular stress. One 126 thermal profile reflected a greater magnitude of temperature change and higher daily maximum 127 temperatures (diel cycle A) and one mimicked increasing mean temperatures and a higher 128 thermal load (diel cycle B). We compared these scenarios to an acute heat shock after a constant 129 ammonia and nitrite wastes. Low levels of these waste products were verified periodically using 166
Nutrafin colourimetric kits (Hagen Inc., Canada), and the system was completely drained and 167 refilled between experimental animals. Water velocity, O 2 concentration, and temperature were 168 continuously monitored and controlled by a DAQ-M data acquisition instrument and AutoResp 169 software (Loligo Systems). The water velocity within the measurement chamber was calibrated 170 using a vane wheel probe and handheld flow sensor (Höntzch, Waiblingen, Germany) and a solid 171 blocking correction factor was applied to correct water velocity to body lengths per second 172 (BL·s -1 ) for each experimental fish. Dissolved O 2 content was measured using a dipping probe 173 mini-sensor (PreSens, Regensburg, Germany) and was calibrated using a 2-point calibration in recovery, fish were subjected to one of four experimental thermal regimes (see below and Table  199 1) and O 2 consumption was measured over 84 h. Salmon were then removed from the swim 200 tunnel, sedated, and a second blood sample (~2 mL) taken in the same manner described above. 201
White muscle, heart, liver, and gill tissues were sampled following transection of the spinal cord, 202 flash frozen in liquid nitrogen, and stored at -80 ºC for subsequent analysis. fluctuating between 16 and 24 °C and ending with a temperature ramp to 27 °C over 12 h (∆T 11 212 °C), with a cumulative thermal load, or the area under the curve, of 349 °C·h (Table 1) . Cycle B 213 represents a scenario with a smaller daily magnitude of change (∆T between 3.5 and 6 °C), and a 214 larger cumulative thermal load of 415 °C·h (Table 1) , mimicking river conditions shown in Fig.  215 1B. To compare these thermal profiles with other studies on thermal stress, we conducted an 216 acute, single heat shock as a positive control, in which temperature was ramped from 16 to 27 °C 217 over a 12 h period. Finally, a negative control experiment was performed in which temperature 218 was maintained at 16 °C for 84 h (Table 1) . Wilk test). Tissue HSP70 and ubiquitin data were analysed separately using two-way ANOVAs 360 (tissue -5 levels; treatment -4 levels). However, due to a statistically significant tissue x 361 treatment group interaction, the data for both parameters were split by tissue to analyse the 362 response between treatments in each tissue separately using a one-way ANOVA (α-critical = 363 0.05). Fish masses, gill NKA, ṀO 2 at 27 ºC, and tissue lactate concentrations were also analysed 364 using one-way ANOVAs to compare between treatment groups (α-critical = 0.05). When a 365 significant effect was detected, Tukey post-hoc tests were performed to assess where treatment 366 groups differed from one another. 367
All variables where repeated samples were taken over time (plasma osmolality, chloride, 368 glucose, lactate, ṀO 2 at 21 ºC, Hb, Hct, and MCHC) were analysed using a split-plot ANOVA to 369 compare the effects of fish nested within treatment group (between-subjects factor), and 370 sampling time point (within-subjects factor). When an overall significant effect of time was 371 detected, a Tukey's post-hoc test was used (α-critical = 0.05). When a significant interaction was 372 detected, data were split to compare both factors across treatments (4 levels, randomized block 373 ANOVA with Tukey post-hoc tests), and over time (2 levels, two-tailed paired t-test); the α-374 critical level for both analyses was therefore adjusted to 0.025. The rate of O 2 consumption was measured using intermittent-loop respirometry to 382 characterize the effects of four different thermal profiles on aerobic metabolic rate (Fig. 2) . 383
Metabolic rate data were not scaled to the mean mass of all fish used in the study as we found no 384 relationship between ln fish mass and ln ṀO 2 (R 2 = 0.003) at a given temperature. Similarly, we 385 found no correlation between fish mass and either: osmolality, chloride, glucose, lactate, or 386 HSP70 in any tissue. Predictably, ṀO 2 increased and decreased with increases and decreases in 387 water temperature, respectively. In the negative control group, ṀO 2 remained constant across the 388 temperature, peaking at 27 °C (268.3 ± 21.5 mgO 2 ·kg -1 ·h -1 ). In diel thermal cycle A, the highest 392 ṀO 2 readings coincided with the daily temperature peak. In this group, variability between 393 individuals was low, and ṀO 2 peaked at 264.5 ± 16.1 mgO 2 ·kg -1 ·h -1 when the temperature was 394 27 °C. In diel thermal cycle B, variability between individuals was higher, making the overall 395 ṀO 2 response harder to interpret; however, it appears the daily peak in ṀO 2 occurs before the 396 temperature peak. At 84 h and 27 °C, ṀO 2 was 281.5 ± 23.3 mgO 2 ·kg -1 ·h -1 . The ṀO 2 values at 397 the end of the experiment (at 27 °C) in each treatment group were not significantly different from 398 one another (p = 0.83; Fig. 3A ). When ṀO 2 at a common temperature of 21 °C was examined 399 within the two diel cycling groups over days 1 -4, no differences were observed (p = 0.73). 400
However, overall, fish in cycle B had significantly higher ṀO 2 at 21 °C than those in cycle A (p 401 = 0.02; Fig 3B) We found a highly significant treatment group x time interaction (p < 0.001) in plasma 410 glucose suggesting that responses were distinct among temperature treatments (Table 2) Neither heart (p = 0.36), nor white muscle (p = 0.26) lactate concentration significantly 417 changed across treatments (Fig. 4) . However, as with plasma glucose, there was a significant 418 treatment x time interaction (p < 0.001) in plasma lactate ( Table 2) To assess whether exposure to elevated temperatures led to osmotic stress, we measured 427 plasma osmolality and plasma chloride concentrations (Table 2) The expression of indicators of cellular stress (HSP70) and damage (ubiquitin) were 453 highly tissue-specific as shown by a significant treatment group x tissue type interaction (p < 454 0.001) for both variables. Consequently, the data were split to analyse the stress response in each 455 tissue separately (Fig. 5) . HSP70 was undetectable in the negative control group (16 ºC) and for 456 all tissues at t = 0 (16 ºC) regardless of treatment group (data not shown). In the positive control, 457 HSP70 was induced in white muscle, heart, and liver (Fig. 5 E, G, I ) but not in RBCs or gill (Fig  458   5 A, C) . HSP70 was induced in all tissues in both diel thermal cycling groups with the same 459 magnitude of induction (p > 0.05). The induction of HSP70 in gill, white muscle, and RBC was 460 greatest in diel cycles A and B (Fig 5A, E, G) . In comparison, the greatest HSP70 increase in 461 heart and liver occurred in the positive control group (Fig. 5G, I ). 462
We measured ubiquitin for a gross indication of whether the HSP70 induction correlated 463 with changes in protein damage/turnover. We observed increases in ubiquitin in at least one of 464 the treatment groups in all tissues except liver (p = 0.35, Fig. 5J ). In gill, only thermal cycle A 465 resulted in a significant increase in ubiquitin compared to the negative control (p = 0.006, Fig.  466 5B). In the positive control group, the acute heat shock resulted in a significant increase in 467 muscle, RBC, and heart ubiquitin (p < 0.05, Fig. 5D, F, H to fish kept at a stable temperature. Given that these two different diel thermal cycles had similar 496 overall mean temperatures (Table 1) , we are confident that our findings are a result of 497 temperature cycling and not differences in mean temperature. We observed unique responses in 498 some physiological parameters with thermal cycling, although the changes noted were subtle. 499
This suggests that thermal cycling or temperature variance is more important than the nature of 500 the diel cycling (e.g. accumulated thermal exposure, magnitude, rate of temperature change, or 501 mean), at least with regard to the two different cycling profiles tested here. 502
In general a 10 ºC increase in temperature doubles or triples RMR in fish (i.e. a Q 10 of 2-503 3; Reid et al. 1997 ). Increasing aerobic scope either through decreased RMR and/or increased 504 MMR increases the amount of available energy and thus provides an overall benefit to the fish. 505
We saw no evidence that a prior exposure to environmentally relevant thermal cycles could 506 lower RMR, and thus increase aerobic scope, during a subsequent acute thermal shock. At 27 ºC 507 (84 h), RMR was statistically similar in all groups (Fig. 4A) , and was also the same on days 1 -4 508 at a common temperature of 21 ºC in diel cycles A and B (Fig. 4B) . The Q 10 of ṀO 2 for the 12 h 509 ramp to 27 ºC on day 4 did not vary either, fluctuating only from 2.1 to 2.5 between experimental 510 groups. Therefore, it appears that RMR is not modulated by diel thermal cycling, and that Q 10 511 effects are the primary determinant of RMR under the conditions tested. We did notice that the 512 variability in ṀO 2 between individuals was higher in diel cycle B; seasonal effects offer a 513 potential explanation. Evans (1984) determined RMR to be maximal in the spring and to shift 514 independently from changes in environmental temperature. Notably, four of six individuals in 515
diel thermal cycle B were tested in the spring. 516
Aerobic scope can be expressed as an absolute value, or as a ratio termed factorial 517
D r a f t aerobic scope (FAS = MMR/RMR). A FAS value ≤ 1 indicates MMR has been reached or 518
exceeded, and the fish is relying on anaerobic processes to fuel function; the duration of survival 519 under such conditions is limited (Portner and Knust 2007) . Limitations in fish availability only 520 allowed routine and maximum metabolic rate to be determined in the same individual (n = 4) at 521 one temperature (16 ºC), and FAS in this group was 4.4 ± 0.1. If we use the MMR at 16 ºC to 522 calculate FAS at 27 ºC in the positive control and both diel thermal cycling groups, FAS drops to 523 ~1.4. This is almost certainly an underestimate of actual FAS since MMR (the numerator) also 524 increases with temperature, although to an unknown extent before plateauing. Regardless, it 525 appears that even in this worst-case-scenario at 27 ºC, Atlantic salmon are still not fully reliant 526 upon anaerobic metabolism to fuel function. This finding is supported by the overall lack of 527 lactate accumulation in any tissue, although without data on lactate flux (i.e. production and 528 utilization rates) we cannot conclusively rule out the activation of anaerobic metabolism. The 529 literature value for the upper incipient lethal temperature (at which fish can survive for at least 7 530 days) in young (0 -1+) Atlantic salmon acclimated to 15 ºC is 27.6 ± 0.27 ºC (Elliot 1991). 531
Collectively, our data suggest that at 27 ºC, fish do retain aerobic metabolic capacity and no 532 mortality was observed under the conditions tested. That said, a preliminary experiment holding 533 fish overnight at 27 ºC resulted in mortality after only ~5 h. Juvenile fish are generally 534 considered to have higher thermal tolerance than adults (Fowler et al. 2009; Breau et al. 2007 ). It 535 is possible that the older and larger fish used here compared to Elliot (1991; 0 -1+) may account 536 for differences in upper incipient lethal temperatures. 537
Enhanced oxygen demand due to exercise or elevated water temperatures necessitates 538 increased oxygen uptake at the gill. The mechanisms for increasing oxygen uptake (e.g. 539 increased ventilation, gill surface area, blood perfusion, etc.) are at odds with those required to 540 D r a f t minimize ion loss. This conflict has been termed the osmo-respiratory compromise (see Sardella 541 and Brauner 2007 for review). Thus, a teleost fish in freshwater exposed to high temperature 542 would be predicted to gain water and lose ions to their hypotonic surroundings. Anticipated 543 physiological ramifications may include decreased plasma osmolality and ions in addition to 544 lowered Hb and Hct due to haemodilution. Contrary to these predictions, we observed a 545 significant increase in plasma osmolality over time in all experimental treatment groups. This 546 increase is largely accounted for by increases in plasma glucose, lactate, and ions (chloride 547 measured here, and presumably its primary counter ion sodium). NKA activity was the same 548 across all experimental groups (p = 0.122; data not shown). Collectively, these data suggest that 549 an osmo-respiratory compromise is not occurring following exposure to 27 ºC in Atlantic 550 salmon. 551
Haematocrit and Hb decreased over time in all experimental groups, although only 552 significantly in the negative control and diel cycle A. We propose that these haematological 553 effects are due to an effect of fasting ( by the fish. The undetectable levels of HSP70 in any tissue at 16 ºC reinforce that this was an 566 appropriate holding temperature for Atlantic salmon and that confinement in the swim tunnel 567 was not stressful. Not surprisingly, in all tissues studied we saw marked differences in HSP 568 expression between the two diel thermal cycling groups and the positive control group, where the 569 temperature was maintained at a constant 16 ºC. However, in no tissue was there a significant 570 difference in HSP70 between diel thermal cycles A and B. Perhaps the accumulated thermal 571 loads experienced by fish in these two groups (349 and 415 ºC·h -1 respectively) were not 572 sufficiently different to differentially influence the HSP70 response. 573
In addition to different thermal loads, each experimental treatment is distinct in the rate 574 and magnitude of temperature change, and the presence or absence of diel cycling, all of which 575 have the potential to influence the cellular stress response. In RBC, gill, and white muscle, 576 increases in HSP70 appeared to mirror increases in thermal load. HSP70 induction was highest 577 in the diel thermal cycling groups (349 -415 ºC·h) in these tissues. This pattern of HSP70 578 induction was not consistent in the heart and liver, where HSP70 was ~2.5 times higher in the 579 positive control than in either thermal cycling group. Of the tissues examined here, heart and 580 liver are arguably the most likely to experience oxygen limitation due to the single series 581 circulatory anatomy of fish (Satchell 1991) . If the unique HSP70 response in heart and liver is 582 due to their susceptibility and/or decreased tolerance to hypoxia, then the greater rate of 583 temperature change in the positive control compared to the thermal cycling groups, coupled with 584 the lack of prior diel cycling, may explain this HSP70 induction pattern. 585 D r a f t 27 Dot blotting was successfully used by Hofmann and Somero (1995) to correlate ubiquitin 586 conjugated proteins with HSP70 levels in the intertidal mussel (Mytilus trossulus) and similarly 587
by MacLellan et al. (2015) in the gill of an elasmobranch fish (Squalus acanthias). However, 588 increases in protein degradation can also result from overall increases in temperature, 589 particularly when coupled with starvation (Houlihan 1991; McCarthy and Houlihan 1997) . In 590 general, the level of ubiquitination corresponded to the amount of HSP70 in a given tissue (e.g. 591 ubiquitin levels were lowest in RBCs and gill as were HSP70 levels). One notable exception 592 occurred in white muscle, where ubiquitin levels were high while HSP70 was relatively low. We 593 speculate that the high ubiquitin levels in this tissue were due to increases in protein turnover. 594
White muscle constitutes ~70% of salmonid body mass (Eddy and Handy 2012) and thus offers 595 the largest, most accessible source of protein for degradation to fuel energy metabolism. 596
Although this study was designed around the Miramichi River system, temperature 597 fluctuations are a broadly occurring natural phenomenon in the aquatic environment, and thus 598 conclusions drawn here may also be extended to other ecosystems and species. We made several 599 predictions at the outset of this study: 1) that fish exposed to diel thermal cycling would respond 600 differently to a 27 ºC exposure than fish maintained at 16 ºC, 2) that the two different diel cycles 601 tested would result in unique biological effects, and 3) that diel cycling would result in either 602 beneficial heat hardening, and/or detrimental cellular stress and damage. We did indeed observe 603 differential responses between thermal cycled and non-cycled fish, as well as subtle differences 604 between the two different thermal cycling treatments. We did not see clear evidence of a heat 605 hardening response, nor did exposure to 27 ºC appear to induce a severe physiological stress Table 1 : Sample size (n), experiment start date, length (cm), body mass (g), percent decrease in body mass at experiment cessation (%), and treatment group (mean ± S.E.M) length, mass, and percent mass change in all Atlantic salmon used in this study. 
